ABSTRACT -Purpsoe. Investigate the role of metabolites in bioequivalence (BE) assessment. Methods. Sets of ordinary differential equations are used to generate concentration -time data for both parent drug (P) and metabolite (M). The calculations include 24 subjects, two different formulations (Test, Reference), and a range of Test/Reference ratios for the fraction of dose absorbed and the rate of absorption. A summarized view of these results is made through the construction of three dimensional power curves. The criteria for the choice of the preferred analyte (P or M) are based on a sensitivity analysis of the bioequivalence measure (AUC, C max ). The latter depends on the relative ability of P and M to reflect better the changes of the pharmacokinetic parameters and variability. Results. The different sensitivity properties of P and M were reflected on the power curves. For AUC, the performance of metabolite is very similar to that of the parent drug for all scenarios and models examined. A more complex behaviour is evident for C max . In most of these cases, metabolite data show higher permissiveness in the percentages of acceptance. This attribute is more evident when P exhibits high elimination rate and/or the formation of M occurs rapidly. When the Test and Reference products have similar absorption profiles, metabolite data are preferable for the determination of bioequivalence. Parent drug has the advantage for detecting better the differences in the absorption rate of two drugs. The latter is counterbalanced by the increased sensitivity of P data to the variability of the data. Conclusions. Both parent drug and metabolite share the same ability to declare BE when AUC is used as a bioequivalence measure. In case of C max , metabolite data exhibit better performance when the T and R products are truly bioequivalent or the two formulations differ in their extent of absorption. For the pharmacokinetic scenarios studied, parent drug data were found to be more sensitive to detect differences in the rate of absorption. However, in such cases, their information is much influenced by the increased variability. _______________________________________________________________________________________
INTRODUCTION
Classically, bioequivalence (BE) assessment relies on the concept of average BE (1) . Two drug products, a generic (Test, T) versus a brand name product (Reference, R) are considered to be bioequivalent if the calculated 90% confidence interval (CI) for the ratio of their mean measures of bioavailability is between predefined BE limits (1) . In most of the cases, bioequivalence studies are carried out focusing only on the measurement of the parent drug (P). Eventhough, the role of metabolites (M) in bioequivalence assessment has been the subject of many discussions, it still remains a controversial issue (2) (3) (4) (5) (6) . The basic argument in favor of the use of the parent compound for BE assessment relies on the fact that the concentration (C) -time (t) profile of P is more sensitive to detect differences in formulation performance than M (5, 6) .
When the administered drug is either not metabolized or is the only active substance, the regulatory authorities recommend the use of the parent drug for BE assessment (7) (8) (9) . On the other hand, the use of metabolites in BE studies cannot be disregarded since the latter reflects better drug distribution, elimination, and its formation through the parent drug (7) . Nevertheless, there are situations where either both parent drug and metabolite data should be measured, or even the use of solely the metabolite data is preferable. Such situations include the cases where: a) the parent drug levels in biological fluids are too low to allow an accurate analytical measurement, b) parent drug is unstable in the biological matrix, c) P is an inactive prodrug which is transformed invivo into the active metabolite, d) the formation of M occurs rapidly, and e) the metabolite contributes significantly to the net activity and the underlying pharmacokinetic (PK) system is nonlinear (5, 7, 8, 10) . ________________________________________ Another option was to measure both P and M and use their sum as a measure of bioequivalence. However, it has been demonstrated that the application of the 0.80-1.25 BE limits to the sum of P and M may result in misleading results (11) .
The approaches used to investigate the role of metabolites in BE assessment can roughly be divided into two categories. According to the first approach, actual BE studies are being analyzed aiming to give evidence for the relative performance of the parent drug and the metabolite (12) (13) (14) (15) (16) (17) (18) (19) (20) . A drawback of this method arises from the fact that the true condition is always unknown i.e., whether the two drug products are truly bioequivalent or not. The second methodology relies on the generation of simulated data. In this context, several studies have been published (3, (21) (22) (23) (24) (25) (26) (27) ). This approach offers the advantages of knowing always the correct answer and additionally, allows one to make inferences about several different types of parent drug and metabolite kinetics.
In other words, selecting the preferred analyte in BE assessment, relies on the fact that this moiety offers an advantage for the determination of bioequivalence. A possible advantage in BE assessment could be the ease of analytical measurement of this analyte (e.g., higher plasma concentration values or chemical stability), the relative contribution of this moiety to the net activity/toxicity, the measurement of this moiety reflects better the differences in the formulation performance etc.
In this study, the criteria for defining the "preferred analyte" were solely based on a bioequivalence context. Since, the bioequivalence decision depends on the ability of the measured moiety to identify differences in the responses between the T and R formulation, the analyte of choice would be the one which reflects "better" the differences in the extent (F) and the rate (K a ) of absorption. The term "better" simply means that the analyte of choice would be the one which carries the information of bioequivalence with a) higher sensitivity to detect differences in F and K a ratios between the T and R formulations, and b) lower variability (noise) of this response.
In this analysis, the role of metabolites in BE assessment was investigated using simulated bioequivalence studies. This task was implemented by generating data for a variety of pharmacokinetic models and scenarios, in order to allow inferences to as many as possible different conditions. The simulated data were then used to simulate the conditions of bioequivalence trials.
In order to allow the application of both simple and more complex models, the mathematical description of the models was made through the use of ordinary differential equations.
METHODS

Pharmacokinetic Simulations
Pharmacokinetic Models
In order to compare the performance of the parent drug and the metabolite, various conditions were included in the simulations. One-and twocompartment models were assumed for either P or M; a schematic representation of the pharmacokinetic models used in this study is depicted in Figure 1 . Models A-C (Figure 1 ) correspond to the situations where the parent drug obeys first order absorption kinetics without first pass effect, whereas in models from D to I ( Figure  1 ) the parent drug undergoes metabolism during its absorption.
Formation of the metabolite is assumed to take place in the central compartment from the parent drug following first order kinetics (21, 22) . In cases where first pass effect co-exists, metabolite formation also occurs in the GI lumen. In the latter situation, Michaelis-Menten kinetics is used to describe the metabolite formation. It should be highlighted that only one metabolite is considered in the simulations. In addition, no hypotheses for pharmacological activities are made, since the aim of this study is to provide an assessment of the relative performance of P and M relying only on a bioequivalence context.
In case of two compartment models, drug transfer from the central to the peripheral compartment -and vice versa -is assumed to follow first order kinetics. In all cases, elimination of both P and M compounds takes place in the central compartment through first order kinetics. For all pharmacokinetic models considered in this analysis, only a first generation metabolite is considered to be formed from the parent drug.
Based on mass balance principles, each pharmacokinetic model is described with a system of ordinary differential equations which were solved numerically. Two representative examples of systems of differential equations are shown in Appendix. These examples correspond to the simplest case of one-compartment model and to a more complex situation where parent drug obeys two-compartment disposition kinetics and undergoes first-pass metabolism. Pharmacokinetic models for the simulation of parent drug (P) and metabolite (M) disposition kinetics. Oneand two-compartment models are assumed for P and M for each of the following cases: (A-C) First-order absorption kinetics, (D-F) First-order absorption of P and first-pass effect according to Michaelis-Menten kinetics leading to metabolite(s) other from the one measured, (G-I) First-order absorption of P and first-pass effect which leads to concomitant formation of the metabolite under study. Key: F, the bioavailable fraction of dose; GI, the gastrointestinal tube; K a , absorption rate constant, K f , first-order formation rate constant of the metabolite; K el,i , elimination rate constant; K 12,i central compartment to tissue rate constant; K 21,i tissue to central compartment rate constant. In all cases the index i refers to either P or M.
Pharmacokinetic Scenarios
The relative performance of the parent drug versus metabolite was evaluated using several pharmacokinetic conditions. In order to generate the appropriate concentration-time profiles for P and M, certain values were assigned to the parameters of the pharmacokinetic models shown in Figure 1 . Therefore, depending on the pharmacokinetic parameters' values several pharmacokinetic scenarios were developed. The pharmacokinetic scenarios along with the average values of the parameters used in the analysis are listed in Table 1 . These scenarios were selected to give an insight into conditions that include: i) typical drug kinetics based on the one-or twocompartment model, ii) rapid or slow absorption of the parent drug, iii) high or low elimination rate of the parent drug and the metabolite, iv) fast or slow formation of the metabolite, and v) high or low first-pass effect of the parent drug. Table 1 . Parameter values for the pharmacokinetic scenarios used in simulations of both parent drug (P) and metabolite (M). 
Scenario
Description
Parameters
K a (h -1 ) K el,P (h - 1 ) K el,M (h -1 ) K f (h -1 ) V 1,P (L) V 1,M (L) MM 0 (mg/h) MM
S4
High elimination rate of P 
Simulated Bioequivalence Trials
Two-period, two-treatment (Test versus Reference), crossover bioequivalence studies, with equal number of subjects in each sequence, were simulated using the classic (0.80-1.25) BE limits. A number of 24 subjects were assumed to participate in each trial. The subjects were randomly divided into two sequences of drug administration with equal number of subjects in each sequence. Inter-and intra-individual variability were considered for all pharmacokinetic parameters. Uniform distribution was used for the random generation of the fraction of dose absorbed, while for the remaining parameters, inter-and intraindividual variability was added assuming lognormal distribution. In the latter cases, the standard deviations (σ i ) of the logarithmically transformed parameters were calculated from the preset variability (CV i ) using the following expression:
where the index i refers to each parameter separately. The coefficient of variation values for the inter-and intra-individual variability of F, K a , volumes of drug distribution, and the rest rate constants was set equal to 20%, 30%, 2%, and 5%, respectively (see Table 2 ). Presumably, these different variability values lead to different intra-individual variability (CV W ) values for AUC and C max estimates.
According to the simulated C-t profiles of parent drug and metabolite, appropriate sampling schemes were considered. These sampling schemes were selected to provide an adequate number of observations in the ascending limb of the curves, as well as to be large enough so as to describe sufficiently the total C-t profile (see Table 3 ). In order to allow a fair treatment of all PK scenarios, the utilized experimental design comprised the same observations at early timepoints, while more sampling points were added for long time periods depending on the scenario (see Table 4 ).
There was also the need for the estimation of the bioavailability measures. C max was simply identified as the highest recorded concentration of a given concentration -time profile. Area under the concentration -time curve was estimated based on the simulated C-t profile and the selected concentration values from the appropriate sampling scheme. AUC was calculated from time zero to the last generated concentration time point (C last ) using the linear trapezoidal method.
A variety of bioavailable fractions and absorption rate constants were assumed depending on our intention to place more emphasis on the extent or the rate of absorption, respectively. These relative F and K a values were gradually increased from 1.00 to 1.30 with a step of 0.05.
In all cases, an arbitrary dose of 100mg of drug was assumed to be administered. Under each condition, five thousand (5,000) simulated BE trials were performed and the percentage of simulated studies, in which BE is accepted, was recorded. Bioequivalence was declared if the 90% confidence interval around the ratio of the estimated geometric means for the two drug products was between the BE limits (28). The whole programming work was implemented by developing a computer program in FORTRAN. Some subroutines, such as the uniform, the lognormal random generator, and the linear regression analysis routines, were borrowed from the IMSL libraries of the Compaq Visual Fortran v.6.5 package. Other subroutines, such as those used for the numerical solution of the system of ordinary differential equations were obtained from Netlib (http://www.netlib.org). All program subroutines and calculations were validated, prior to their application, so as to provide accurate results. Table 2 . Inter-and intra-individual variabilities applied to the pharmacokinetic parameters.
Parameter
Inter-individual variability Intra-individual variability (CV W ) 
Assessment of the Performance
Modified Power Curves
The results of the simulated BE trials were presented in the form of power curves. In order to represent the large amount of information derived from the abovementioned analysis in a compressed form, three dimensional power curves were constructed. The z-axis of these modified power curves refers to the difference, Diff(%), between the power of parent drug and metabolite (Diff% = %Power of P -%Power of M). Presumably, a negative Diff% value implies that P is less permissive than M. The other two axes (x and y) correspond to the PK scenario and the ratio of F T /F R (fraction of dose absorbed of T over R) or K aT /K aR (absorption rate constant of T over R), respectively. This kind of illustration was adopted since it allows a pictorial view of the overall comparative performance of the two moieties (P and M).
Sensitivity
The decision of bioequivalence relies on the ability (sensitivity) of the measured moiety to identify differences in the responses between the T and R formulations. This decision is mathematically expressed with Equation 1:
where: m T -m R is the difference between the estimated logarithmic means (i.e., the GMR ratio), N is the number of subjects participating in the BE study, t is the t-student statistic at the probability of a=0.05 with N-2 degrees of freedom, and MSE is the Mean Square Error calculated from ANOVA. In other words, "sensitivity" is a composite term (29) which is considered to express the two intrinsic properties of the measured analyte:
a. Sensitivity to PK parameters. It simply means the ability of the moiety to transfer the underlying differences in extent and rate of absorption into changes of GMR values. In other words, sensitivity to changes reflects how sharp is the change of GMR (for the measure under study e.g., C max ) in response to relevant changes of the parameters responsible for that deviation. To this point, it is suggested that the F T /F R or the K aT /K aR ratio could serve as the underlying reason which cause the changes of GMR.
b. Sensitivity to error. This term represents the influence of the response due to error (i.e., intra-individual variability). Sensitivity to variability depends on intra-individual variability of the drug. According to Equation 1, sensitivity to error is expressed through the MSE term of ANOVA.
Therefore, the acceptance of BE becomes more strict when either "a" or "b" situations become more evident. In the light of information theory, the ideal situation would be the one where the "a" type of sensitivity is as much as higher, whereas the "b" type (or noise) gets the lowest possible value. In other words, the desired performance would be the one which exhibits: a) high percentage of acceptance when GMR is equal to unity, namely, when the two drug products are truly bioequivalent, and b) low percentage of acceptance similar to the significance level (α=5%) when GMR is equal to 1.25 (or 0.80).
In this study, sensitivity terms were quantified by applying the flowing The different sensitivity properties of parent drug and metabolite are reflected on the power curves. In other words, the percentages of acceptance represent the inherent properties for each moiety to demonstrate how sensitive is the C-t profile of this moiety (P or M) to the specific conditions of the study. A more strict performance in the % acceptance values in power curves simply implies that the P or M data exhibit a higher sensitivity in the conditions of the study. Depending on the simulated PK scenario, different sensitivity estimates can be obtained for AUC and C max / Figure 2 illustrates the results for AUC when both parent drug and metabolite obey onecompartment model disposition kinetics. Three dimensional power curves were constructed, where the difference in the percentages of acceptances between P and M is plotted against PK scenario and F T /F R ratios. In the majority of the scenarios examined for AUC, the probability of concluding bioequivalence is similar and independent from the PK scenario and the F T /F R ratio. In other words, both parent drug and metabolite can lead to similar conclusions for bioequivalence, either when truly bioequivalent or bioinequivalent drug products are compared.
RESULTS
Area Under the Curve (AUC)
A similar to the abovementioned behaviour was observed when the parent drug or the metabolite follows two-compartment disposition kinetics (data available upon request). The probability of concluding bioequivalence using AUC for the metabolite was almost the same with that of the parent drug, irrespective of the type of the pharmacokinetic scenario or the type of transfer (a, b, c) between the central compartment and the tissues. The same conclusions were also obtained when the relative performance of P and M data were studied against a variety of K aT /K aR values (data available upon request). Again, there was no difference in the performance for declaring BE between parent drug and metabolite. Figure 3 shows the results for C max when both P and M follow one-compartment kinetics and several ratios of F T /F R are used. Twelve pharmacokinetic scenarios are presented where the F T /F R ratio ranges from 1.00 to 1.30. Visual inspection of Figure 3 reveals a more complex behaviour for C max . A common feature in Figure 3 is that in almost all cases the C max values of the parent drug data are more sensitive than the relevant metabolite data. This is reflected on the higher percentages of BE acceptance for M data. The major discrepancy in the relative performance of P and M data is observed when F T /F R gets close to unity, whereas as the F T /F R ratio increases, the differences become smaller. Furthermore, there are certain situations according to which the metabolite data show much higher probability of declaring BE. This is predominant in cases of scenarios S4 and S8, which correspond to the conditions of high P elimination rate and high metabolite formation rate, respectively. Also, relatively higher percentages of acceptance for M are shown in scenarios S1,S3,S7,S12, and S10 which refer to the conditions of a typical one-compartment model, slow absorption of P, low elimination rate of M, and intermediate degree of first-pass effect with or without concomitant formation of the M, respectively (see Table 1 ). The three dimensional power curves for C max , when several F T /F R ratios were used, are shown in Figure 4 . The first (A1-A3) set of Figure 4 corresponds to the situation where parent drug obeys two-compartment disposition kinetics, whereas in the second set (B1-B3) the metabolite follows two-compartment kinetics and parent drug is confined only in the central compartment. All these plots reveal a complex behaviour for C max , similar to that described above for the onecompartment model (Figure 3) . A common feature of all these plots is the higher percentages of acceptance when metabolite is used instead of the parent drug. Accordingly, this is more evident for F T /F R values close to unity. The higher ability of metabolite data to declare bioequivalence is also more apparent in scenarios S4 and S8. Higher percentages of acceptance for M data, but to a lower degree, can also be observed in case of scenarios S1, S3, S7, S10, and S12. It should be highlighted that these results are in full accordance with the results presented earlier for the one-compartment model for C max (Figure 3) .
Peak Plasma Concentration (C max )
The described behaviour of the parent drug for the 2CP model is similar for all the three types (a, b, c) of transfer between the central compartment and the tissues. However, the differences in the performance between M and P are more obvious in case of the b type of transfer i.e., when the parent compound distributes rapidly to tissues and its arrival at the central compartment occurs with very slow rate. Furthermore, metabolite data in case of b type of transfer were found to be more permissive even in cases of scenarios S5 and S9, which correspond to the conditions of low elimination rate for P and low formation rate for M, respectively.
The three dimensional power curves illustrated in Figure 4 (B1-B3) reflect the performance of P and M when metabolite is assumed to obey twocompartment disposition kinetics. Overall, the results derived for the 2CM model are in accordance with the findings presented earlier from the analysis of simulations using twocompartment model for the parent drug and the simplest one-compartment model kinetics ( Figure  3) . Nevertheless, visual inspection of Figures 4A2 and 4B2 reveals that in cases where the metabolite follows two-compartment model kinetics with the b type of transfer, the discrepancy in the performance between P and M is now reduced ( Figure 4B2 ). Figure 5 represents the results for C max when both P and M follow one-compartment kinetics for twelve PK scenarios and several values of the K aT /K aR ratio. It is evident that the plots depicted in Figure 5 correspond to the most complex behaviour presented so far in this work. Overall, the sensitivity of C max is less for the metabolite than the parent drug. At K aT /K aR value equal to unity, the major difference between M and P data is observed for scenarios S4, S8, and S12. This finding is in accordance with that observed earlier for C max when several F T /F R ratios were studied (Figures 3 and 4) . However, as K aT /K aR values rise, the discrepancy in the behaviour of M and P data, instead of diminishing, is now becoming more evident. This attribute represents a major difference in the performance of M and P data when the latter studied in the light of changes of absorption rate. In other words, the absolute difference in the % of acceptance of P and M is getting greater. Thus, for K aT /K aR values close to 1.25, a discrepancy in the performance of M and P data can be observed for almost all scenarios. However, even in these cases, the difference is greater for scenarios S4, S8, and S12, which refer to the conditions of high elimination rate of the parent compound, high metabolite formation rate, and first-pass effect with leads to formation of the metabolite under study, respectively.
Similar conclusions can also be observed in cases when either parent drug or metabolite exhibit tissue distribution. Figures 6(A1-A3) show the results when P obeys two-compartment disposition kinetics in case of the three types (a, b, c) of transfer-rate between the central and the peripheral compartment. In pharmacokinetic scenarios S4 and S8 the discrepancy in the relative permissiveness of P and M is now more obvious. However, as the F T /F R ratio tends towards 1.25, almost all scenarios represent, in a variant degree, a significant difference in the performance of P and M. It is worth-mentioned that the differences in the performance between parent drug and metabolite data are more obvious in case of the b type of transfer i.e., when the parent compound distributes rapidly to the tissues and the arrival at the central compartment follows slow kinetic rate.
In the same vein, Figures 6(B1-B3) illustrate the results in cases where metabolites exhibit peripheral distribution. These plots are in accordance with the results presented above when the parent compound followed two-compartment kinetics ( Figure 6A ). Nevertheless, for the b type of transfer between the central and peripheral compartment, the difference in the performances of P and M is now milder (Figure 6A2 versus  6B2) . Table 1 ). Diff% is estimated by subtracting the % acceptance of metabolite from that of the parent drug. Under each condition, a number of 5,000 studies are simulated. The opposite behaviour is obtained for the c type of transfer; in such cases, namely, when the metabolite undergoes tissue distribution and its departure to the periphery as well as its arrival at the central compartment occur with the same kinetic rate, the discrepancy in the performance of P and M is becoming more evident ( Figure 6A3 versus 6B3).
DISCUSSION
In this study several pharmacokinetic scenarios were simulated in order to compare the performance of the parent drug and metabolite in regard to their ability to declare bioequivalence. In all cases, AUC and C max were used as bioequivalence measures, while the assessment of bioequivalence was evaluated with the classic (0.80 -1.25) BE limits. The application of three dimensional plots, where the % difference in acceptances (Diff%) of bioequivalence between parent drug and metabolite is plotted against K aT /K aR (or F T /F R ) and the pharmacokinetic scenario, allowed a global overview and comparison of the results. This kind of illustration also assisted the extraction of the similarities and discrepancies among the various models and conditions.
Area Under the Curve (AUC)
In the majority of scenarios examined for AUC, the probability of concluding bioequivalence was almost the same for the parent drug and the metabolite regardless of the pharmacokinetic scenario and geometric mean ratio. Therefore, no clear advantage, appears for the use of metabolites in place of parent drugs. In such cases, incorporation of metabolites in BE assessment can only be justified for such reasons that are already quoted in the guidelines, namely analytical purposes etc (5, 6) .
Peak Plasma Concentration (C max )
A more complex behaviour was observed for C max for the specific pharmacokinetic scenarios and models analyzed in this study. In most of the cases, the probability of concluding bioequivalence was higher for the metabolite than the parent drug. This attribute was more evident in situations where parent drug exhibited high elimination rate and/or the formation of the metabolite occurred rapidly. A global inspection of the results for C max reveals that for the same pharmacokinetic scenario qualitatively similar results were obtained for P and M irrespective of the model (i.e., 1C, 2CP or 2CM). Figure 6 . Three dimensional power curves illustrating the difference (Diff%) in % acceptance of bioequivalence of C max between parent drug and metabolite at various scenarios and K aT /K aR ratios in case of two-compartment model. Plots: A1-A3 parent drug exhibits tissue distribution, B1-B3 metabolite exhibits tissue distribution. Depending on the relative transfer rate between the central compartment and the tissues, three different types of kinetics are distinguished (see Table 1 ). Diff% is estimated by subtracting the % acceptance of metabolite from that of the parent drug. Under each condition, a number of 5,000 studies are simulated.
In cases of the b type of transfer for metabolite (i.e., two-compartment disposition kinetics with very high departure rate from the central compartment and very slow arrival rate at the central compartment) the differences in the performance were fading. Exactly the opposite behaviour was observed when the parent drug followed two-compartment model (2CP model) kinetics with the b type of transfer. In this case, the discrepancy of the performance between P and M was enhanced.
The Role of Extent of Absorption
Greater percentage of BE acceptance for metabolite's C max than parent drug's C max was observed when the F T /F R ratio was equal to unity, namely when T and R products are truly bioequivalent (Figures 3 and 4) . Undoubtedly, this is a desired performance. As F T /F R was increasing this difference was shrinking and when F T /F R =1.25 both P and M exhibited similar performance. Therefore, it seems that in cases where two drug products do not significantly differ in their extent of absorption, the use of metabolite data offers an advantage. It leads to higher percentages of acceptance when the two drug products are bioequivalent, while it maintains the same ability to declare BE (as parent drug data) when the two drug products do differ.
The Role of Rate of Absorption -Sensitivity Analysis
However, when the performance of C max was tested over a variety of K aT /K aR values, a much more complex behaviour was observed (Figures 5  and 6 ). At K aT /K aR ratios equal to unity, metabolite data led to higher % acceptance of BE than parent drug data. This finding is in accordance to that described earlier for the F T /F R ratios. Nevertheless, as K aT /K aR increases, the discrepancy between P and M data becomes even greater (Figures 5 and 6 ). It seems that at K aT /K aR =1 metabolite data show a more desired performance. But, a clear answer cannot be simply given when the Ka values of the T and R products differ by 25% (i.e., when K aT /K aR =1.25).
Therefore, it was our aim to further examine the performance of C max in cases where the K aT /K aR ratio varies. In order to do so, an analysis of the relative sensitivity of P and M to changes of K aT /K aR was made. This sensitivity analysis was performed according to the methodology described in the "Methods" section. According to the results of sensitivity analysis (Table 5) , the ratios of the relative sensitivity are in all cases lower than unity. In certain cases, the sensitivity ratio was found to be quite small (e.g., 0.174, 0.178 etc), whereas there were situations in which both moieties exhibit almost similar sensitivity (e.g., 0.920, 0.880 etc). In other words, C max data for parent drug appear to generally be more sensitive to detect differences in the absorption rate of the drug. The latter is in accordance with the general consensus on the use of parent drug data (5, 6) .
The sensitivity analysis, however, went a step beyond and examined the relative sensitivity of P and M data in regard to variability. Not surprisingly, metabolite data appear to be less sensitive to variability (Table 6 ). Similarly, there were pharmacokinetic scenarios where this difference was more evident (like in scenarios S4, S8 and S12) and other cases (such as scenarios S6 and S11) where parent drug and metabolite exhibited similar performance. According to Eq.1, both, high sensitivity to K aT /K aR and to variability contribute to the ability of the moiety to declare bioequivalence. Therefore, the higher percentage of BE acceptance for the metabolite should be attributed to its lower overall sensitivity to conceive changes in both K aT /K aR and variability, eventhough, the sole contribution of each factor (K aT /K aR , variability) cannot be identified.
Overall, several recommendations can be made for C max (Table 7) . When the K aT /K aR ratio of the two drug products is close to unity, metabolite data may be preferred. At these situations, the effect of sensitivity to PK parameters is minimized (since the K aT /K aT ratio is close to 1). Therefore the lower overall sensitivity can simply be ascribed to their lower sensitivity to variability. Depending on the pharmacokinetic scenario, this behaviour is more or less evident. As T and R formulations start to differ in their K a values, parent drug and metabolite data exhibit a more discriminant behaviour. In such cases, metabolite data become much more permissive in declaring BE. However, a clear conclusion on which moiety is preferred cannot be made. At these situations, parent drug data offer the advantage of being able to detect better the differences in the absorption rate of the two drugs. However, their ability is counterbalanced by the increased sensitivity of parent drug to variability of the data. Table 5 . Relative sensitivity values (metabolite versus parent drug) for C max , in response to changes of rate of absorption. Each value was calculated as the ratio of the slopes (metabolite/parent drug i.e., slope M /slope P ) which describe the linear relationship between GMR and K aT /K aR (see paragraph "Sensitivity" in "Methods" section). Values lower than unity imply that metabolite data are less sensitive to detect differences in rate of absorption.
Scenario
Relative sensitivity to rate of absorption ( Table 7 . Results summarizing the relative performance of metabolite (M) and parent (P) drug data for the several pharmacokinetic scenarios studied. The choice of the preferred analyte depends on the % acceptance of bioequivalence, the relative sensitivity to changes of F T /F R , K aT /K aR , and variability. 
Change
CONCLUSIONS
Aim of this study was to examine the conditions where the behaviour of the parent drug differentiates from that of the metabolite assuming a variety of pharmacokinetic conditions. Even though the simulated pharmacokinetic scenarios of this work were not alike with those already presented in other published studies, the basic conclusions derived from this analysis were consistent with the findings of the other studies (21, (23) (24) (25) (26) (27) . Since, the bioequivalence decision depends on the ability of the measured moiety to identify differences in the responses between the test and reference formulation, the analyte of choice would be the one which would reflects more precisely the differences in the extent and the rate of absorption. This implies that the analyte which transfers the information of bioequivalence with higher sensitivity and lower variability will be preferred.
In case of AUC, both P and M data exhibit the same performance and can lead to the same conclusions. Therefore, none of them offers a clear advantage over the other regarding their use in BE studies. Presumably, this finding does not imply that other criteria (such as analytical properties) may not suggest the application of a specific moiety. For C max , a more complex behaviour is observed. In general, metabolite C max data seem to be preferable when either the T and R products are truly bioequivalent or the two formulations differ in their extent of absorption. Parent drug data also appeared to be more sensitive to detect differences in the rate of absorption. However, in such cases, the information is much influenced by the increased variability which accompanies parent drug data.
NOVELTY OF THE WORK
To investigate the role of metabolites in bioequivalence assessment by defining the criteria for the selection of the "preferred analyte" lying on a sensitivity basis. The preferred analyte identifies the differences in the responses, between the two formulations, with higher sensitivity and lower variability. In case of AUC, parent drug and metabolite data exhibit similar behaviour. Metabolite C max data are preferable when the two drug products are truly bioequivalent or differ only in their extent of absorption. The greater sensitivity of parent drug data to detect differences in the rate of absorption is counterbalanced by their high sensitivity to variability. 
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APPENDIX
Systems of Ordinary Differential Equations
Sets of differential equations were used to generate concentration-time data for both parent drug (P) and metabolite (M). 21,i tissue to central compartment transfer rate constant; M GI , amount of drug absorbed; M i , amount of the moiety i in the compartment; C i , concentration of the moiety i in the compartment. In all cases the index i refers to either P or M.
